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ABSTRACT 
A fracture mechanics based method for evaluating fracture 
toughness (K ) of structural steels, initially developed in a previous 
c 
project (sponsored by Bethlehem Steel Corporation) was given further 
development and applied to three thicknesses of a steel with a yield 
point of 56 ksi and and two thicknesses of a steel with a yield 
point of 84 ksi. The method employed 3" x 12" x plate-thickness 
single-edge-notched bend specimens broken in three-point loading with 
one millisecond loading time. 
Methods for evaluating of fracture toughness at testing 
loads large enough for general yielding of the above specimens were 
studied. A procedure based upon measurements of thickness reduction 
near the fracture surface was developed, using the small overlap with 
the above K method for purposes of method calibration. The testing 
c 
results appeared to be satisfactory and demonstrated feasibility of 
the general method. 
-1-
1. INTRODUCTION 
1.1 General Purpose and Historical Background 
The investigations reported here were initiated in July 1969 
and were concluded in November 1970. The project dealt with fracture 
mechanics based evaluations of fracture toughness applicable to 
structural steels, particularly steels of interest for bridges. 
Toughness evaluations based upon fracture mechanics are of interest 
because they provide a quantitative relationship between the average 
tension (across the region containing a crack), the crack size, and 
the fracture toughness, K , for the onset of rapid fracturing. Thus, 
c 
from direct or inferred knowledge of the expected largest crack size 
-2 
together with knowledge supplied by design considerations and fracture 
toughness (in terms: of K ) , one can estimate the degree of fracture 
c 
safety of a structure. Of course, crack growth in service by fatigue 
and stress corrosion must be considered in a complete plan for 
fracture safety. These aspects also can be assisted by fracture 
mechanics. However, in this project only fracture toughness was 
investigated. 
From linear-elastic stress analysis of a tensile crack, the 
amplitude of the stresses which surround and control the deformations 
at the leading edge of a crack can be given a one-parameter character-
ization termed the K value. The stresses which act outside of the 
non-linear deformation zone of the crack tip and at distances from the 
. -
crack tip which are small compared to crack size are proportional to 
the stress intensity factor, K. K values are always proportional to 
the applied load (nominal stress) times a factor dependent upon crack 
size with the dimensions of (length) 112 . In English units we normally 
use values of Kin terms of ksi /in. In metric units, (kg/mm2)(mm) 1/ 2 
are commonly employed. Determinations of K for special crack sizes 
in various components under load is a straightforward computational 
task which may be complex or simple depending upon the geometrical 
configuration. The advantage of experimental control in terms of K 
values is that the laboratory test results can be transferred and 
applied to service components (unlike the laboratory specimen in 
shape and size) in terms of K values. 
Critical values of K for crack extension behaviors of special 
significance are designated by subscripts. 
value of K for onset of rapid fracturing. 
Thus K always means the 
c 
When the plate thickness 
tested is about 2.5 or more times the value of (Kc/oy8)
2
, and certain 
other conditions are met, the resistance to onset of rapid fracturing 
-3 
is assumed to be dominated by a plane-strain degree of constraint at the 
crack tip and the symbol Kic is used. In most cases, K (for a fixed load) 
is an increasing function of crack size. Thus a condition for rapid 
fracturing, K = K , sometimes results from crack extension by fatigue or 
c 
by stress corrosion. 
Although fracture toughness evaluations of structural steels 
have always attracted the interest of some fracture mechanics workers 
the main attention of K (and KI ) type toughness evaluations has been 
c c 
"''ASTM Test Method E-399 
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devoted to ultra-high-strength metals for aero-space applications. The 
usefulness of such toughness evaluations for the forging steels used in 
heavy rotating components of large steam turbine generators became 
evident during the 1957-1960 time period. (l) A revival of large specimen 
evaluations of Kic' for somewhat similar reasons, developed during the 
present AEC-HSST* program (1967 -). ( 2) In general, however, the U.S.A. 
interests in applications of fracture mechanics to steels with a yield 
strength under 150 ksi was quite limited prior to 1966. A larger degree 
of interest in such applications had developed in England mainly due to 
work by A. A. Wells at the British Welding Institute and later at The 
Queen's University, Belfast. (J) 
1.2 Objectives of the Project 
A project sponsored by Bethlehem Steel (Homer Laboratory) on 
drop-weight fracture tests of a bridge steel was initiated at Fritz 
Engineering Laboratory in 1966. The first accomplishment was con-
struction of a well-equipped dynamic fracture testing facility. The 
testing procedures used in that project were modified toward K -type 
c 
measurements in 1967. Thus the Bethlehem Steel sponsored project at 
Fritz Engineering Laboratory conducted by R. D. Madison and D. E. Luft, 
provided both a dynamic K testing facility and a substantial amount of 
c 
K -type data for A441 steel. (4) This project overlapped in time, dynamic 
c 
fracture testing investigations by Corten and Shoemaker (University of 
Illinois) by Rolfe and Shoemaker (United States Steel Applied Research 
Laboratory), ( 5) and by Ripling, Crosley, and Mostovoy (Materials Research 
* HSST Heavy Section Steel Technology 
. -
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Laboratory Glenwood, Illinois). ( 6) Other dynamic fracture testing 
projects of significance, notably those of J. M. Krafft (United States 
Naval Research Laboratory)~?) preceded these studies. A discussion 
of the contemporary dynamic fracture testing in relation to the dynamic 
K testing at Fritz Engineering Laboratory was given by R. D. Madison, (S) 
c 
in Fritz Engineering Laboratory Report 335.2 (June 1969). A detailed 
discussion of the Madison-Luft dynamic K tests was also given in 
c 
Reference 4. 
In the analysis of a crack stress field, linear elastic 
fracture mechanics treats the size of the plastic zone at the crack tip 
as being negligible relative to the crack and net section dimensions. 
Strict adherence to specimen sizes large enough to satisfy this 
requirement, in the case of tough metals, demands specimens and testing 
procedures which are very costly because of the large size of the 
specimen and of the corresponding large load requirements. Furthermore 
the situations which are of practical interest for such metals often 
involve stress levels too close to the yield point to satisfy the 
relatively small plastic zone requirement. More than ten years ago 
the senior author introduced a modification of linear-elastic fracture 
mechanics analysis in the form of a crack size plasticity adjustment 
factor( 9) which has served usefully in extending the applicability of 
of fracture mechanics to stress levels close to the yield point. This 
is termed the ry method and consists in adding an amount given by 
(1) 
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at the leading edge of the crack in order to determine the effective 
crack size to be employed inK value computations. 
The extension of fracture mechanics applicability by the ry 
method is accompanied by the development of interpretation uncertainties. 
Without going into detail as to the nature of these, the present 
situation suggests that, when K testing is done in a high stress level 
c 
range, it is appropriate to keep the test method relatively simple and 
to plan the K calculation so as to provide conservative estimates of 
c 
the fracture toughness. This philosophy was followed in the Madison-
Luft work, referenced above, as well as in the present investigation. 
The Madison-Luft work, which preceded this project, provided 
a relatively simple K testing procedure. As will be explained in a 
c 
later section, the lateral dimensions of their test specimen, 3 in. x 
2 12 in., permit Kc evaluations up to the point where (K/crYS) equals 
1.6 inches (where crYS is the tensile yield point of the material). This 
limitation is more serious for static than dynamic testing because the 
applicable crYS is about 24 ksi higher for the dynamic tests. For the 
strain rate sensitive structural steels, the dynamic K values are 
c 
usually of greater interest in practical applications than are the 
static K values. Nevertheless, in the case of K evaluations based 
c c 
upon maximum load, the measurability limit of the 3 in. x 12 in. notched 
bend specimen is a handicap, even in the dynamic testing, because the 
increase of K from a temperature induced brittle-to-ductile fracture 
c 
transition can be followed only in the lower portion of the transition 
region. Thus comparisons between the degree of toughness of steels 
. . 
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under conditions of relatively high toughness are not possible without 
some alteration of the toughness evaluation method. 
One remedy for the measurement limit of Madison-Luft specimen 
would be to increase the specimen size. However, the costs of this 
remedy increase rapidly with the material toughness because the K 
c 
measurement limit is proportional only to the square root of the 
specimen depth (or length, since the minimum length is about four times 
the depth). A more interesting and efficient remedy would be provided 
by development of a crack toughness estimation procedure based upon 
measurements of plastic strain near the leading edge of the crack, 
which would be applicable to specimens which fracture after some plastic 
bending of the specimen. 
The preceding facts led directly to the objectives of the 
project reported here. These were stated in the proposal as: (1) To 
investigate the feasibility of predicting conditions for crack prop-
agation by use of critical values of the crack opening stretch, giving 
special attention to circumstances of high toughness and general 
yielding; (2) To study crack toughness evaluation data of the K (and 
c 
K1c) type for structural steels across a range of yield strengths and 
testing temperatures, static and dynamic. The testing program 
contemplated use of four structural steels having yield strengths of 
40, 80, 120, and 180 ksi respectively. It was anticipated that a 
second year of funding would be necessary to complete this program. 
As with many research programs, the original plans were 
altered during the course of the work in directions which appeared most 
, -
-8 
likely to be of benefit to the project. At the outset certain 
modifications of the drop weight equipment were desirable. These 
consisted of an increase of the weight from 200 to 400 lbs. and a re-
shaping of the striking region of the tup into the form of a large 
included angle wedge. Following these changes, comparison trials of 
K measurements using the same supply of A441 steel plate as had been 
c 
used by Madison and Luft were needed to verify the degree of improvement 
obtained as well as to provide training in use of the test method for 
the junior author of this report. The improved K representation of 
c 
the A441 plate material thus obtained made the broken specimens from 
tests of A441 steel desirable for use in development of a character-
ization procedure based upon the crack opening stretch (COS) concept. 
In this manner, testing of A441 steel essentially replaced testing of 
the A36 steel which was originally contemplated. Supplies of RQ-100-B 
steel, in a special temper (resulting in a tensile yield strength of 
80 ksi) were provided by Homer Laboratory and were also used in the 
project. 
A second modification in project plans concerns the static 
fracture toughness evaluations. As noted above, the K measurement 
c 
limit of our 3 in. x 12 in. specimen is lower for the static tests than 
for the dynamic tests. Furthermore, after some trials and further 
study, it became clear that plastic deformation type toughness 
characterization methods applicable to the static and to the dynamic 
tests would necessarily differ. The reason for this is that a static 
pattern of plastic strain deformation near the leading edge of a crack 
exists only prior to onset of rapid fracturing. It is possible to 
. . 
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instrument the static K tests so as to measure thickness reduction at a 
c 
selected distance close to, but in advance of, the leading edge of the 
initial crack and to associate this thickness reduction, by calibration, 
with a K value which would have produced the same leading edge deformation 
pattern in a specimen large enough to avoid general yielding. This pos-
sibility was noted but was not investigated additionally for a variety 
of reasons: (a) The static fracture toughness is usually of less practical 
interest than the dynamic fracture toughness, (b) general yielding may 
influence the apparent or equivalent K value so that interpretation of 
c 
test results for service applications would require considerable 
additional study, (c) the plastic deformation type characterization 
eventually developed for the dynamic fracture tests was mainly new and 
required most of the available project time. 
1.3 Comments on Crack-Opening-Stretch, Thickness Reduction, and 
Growth of Resistance to Crack Extension 
The preceding paragraphs have mentioned the crack opening stretch 
(COS) concept and plastic strain characterization methods. These will now 
be briefly discussed. Given that an elastic-plastic analysis has been 
provided so as to determine the boundary of the crack tip plastic zone, 
as shown schematically in Fig. 1, the COS is defined as the opening stretch 
of the crack at the intersection with the crack surfaces of the elastic-
plastic boundary. When the plastic zone size is relatively small in 
comparison to the crack and net section dimensions, it can be shown 
that the COS, represented here by the symbol, 6, is given by 
K2 
6 = a ----
E cry 
(2) 
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where E is Young's modulus and a is a constant in the range of unity to 
4/n. Use of 6 as a plasticity type characterization factor is of 
interest because theoretical studies suggest that 6 can be computed 
with fair accuracy from Eq. (2) at high stress levels if computation 
f h K 1 . 1 d . 1 . . d. (lO) o t e va ue ~nc u es an appropr~ate ry type p ast~c~ty a JUstment. 
However, the COS is only one example of a number of selections of 
average strain properties applicable to the leading edge region of a 
crack for each of which a proportionality to K2 would be expected. 
Burdekin(lO,ll) made simultaneous measurements of opening 
stretch at the leading edge of a saw cut notch in static tension 
testing and of the largest thickness reduction in the dimple adjacent 
to the notch. For values of 6 greater than several mils he found the 
thickness reduction values were nearly equal to the values of 6. This 
result was verified by Rooke and Bradshaw(l2) and by Carman and 
Irwin. (lJ) In the case of real cracks, it is much more practical to 
consider experimental measurements of thickness reduction than experi-
mental measurements of crack opening stretch. However, without 
elaborate instrumentation, it is not feasible to measure thickness 
reduction during the time period of a dynamic fracture test. Further-
more, the most desirable one-parameter measurement of toughness may not 
be strictly associated with the point of onset of rapid fracturing when 
the specimen is small enough to permit general yielding prior to rapid 
movement of the crack. 
In recent years it has become evident that a complete character-
ization of the resistance to crack extension of a plate material 
involves measurement of the resistance to crack extension, KR, as a 
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function of the effective crack size. The effective crack size is the 
visual crack size, a1 , plus ry. The loading system currently preferred 
for KR measurements is one of high stiffness which encourages stable 
cracking. (l4) We assume here that the resistance, KR, if measured as a 
function of crack size under rapid loading conditions, would show an 
upper plateau or shelf as has been found for a large number of metallic 
plate materials with small strain rate sensitivity (see Fig. 2). The 
assumption is supported by the fact that the dynamic testing is rapid 
enough so that the crack extension resistance of the steel is at a minimum 
value (see Fig. 3) and is thus not sensitive to substantial increases of 
deformation time rate through motion of the crack. With particular 
reference to the dynamic notched bend tests, we assume the comparative 
stiffness of the loading system is such that the crack speed remains 
relatively small (less than 800 ft./sec.). From references (7) and (15), 
resistance to crack extension in this range of crack speed should be 
relatively insensitive to crack velocity. The preceding line of 
reasoning suggests that, by measuring thickness reduction adjacent to 
the fracture surface of a dynamic fracture test specimen after it has 
broken, and by placing this measurement within what appears to be a 
uniform region of resistance to fracturing, we should be able, by 
calibration, to determine equivalent KR values corresponding to this 
region. We can tentatively assume this KR value corresponds to a fully 
developed or plateau region of the low-velocity, running-crack resistance 
to crack extension. Given satisfactory development of this toughness 
evaluation method, the method furnishes suitable one-parameter dynamic 
toughness values for purposes of comparisons between tough steels. In 
-12 
addition the dynamic toughness value thus found would permit approximate 
estimates of the critical conditions for onset of rapid fracturing (under 
dynamic loading) as well as for crack arrest. 
1.4 Complexities of Dynamic K Measurements 
c 
The three main complexity aspects of structural steel K 
c 
testing are plastic zone size, stable crack extension, and sensitivity 
of plastic straining (and toughness) to strain rate. 
Consider first the influences of plastic yielding near the 
leading edge of the initial crack. For A441 steel, if the plastic zone 
is small enough so that the 1 inch and 2 inch thick specimens satisfy 
size requirements for the tentative ASTM Klc method, then the Kc values 
must be less than 51 ksi /in for dynamic tests and less than 36 ksi /in 
for static tests. These estimates assume aYS (static) is 57 ksi, 
aYS (dynamic) is 80 ksi, and employ the equation 
0.4 in. (3) 
In the present program it was desirable to restrict the 
specimen size to the 3 inch deep by 12 inch long dimensions employed 
in the previous project and the above K estimates assume these 
c 
dimensions. With the A441 steel and at the temperatures of principle 
interest, the K values lie above those given in the preceding 
c 
paragraph. Thus, in the tests of main interest to this project, 
resistance to onset of rapid fracturing is assisted by apprecialbe 
amounts of thickness-reduction type yielding and, for analysis 
/ 
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consistency, the K values include a plasticity correction. In other 
c 
words, the visual or actual crack size, a 1 , is augmented by the amount 
rYS' given previously in Eq. (1). In equation form 
a (4) 
In the case of static K testing, the effective crack size, 
c 
a, can be measured, after calibration, in terms of opening displacement 
at a convenient positon within the initial notch. However, in the 
case of dynamic fracture testing with drop-weight loading, instrumen-
tation for such methods of plasticity adjustment would be quite 
difficult. 
As the ratio of rYS to the crack depth, a 1 , increases beyond 
1/10, the stress intensity factor interpretation of K becomes 
increasingly inaccurate. (lO) Nevertheless, as explained in reference 
(10), the rYS corrected K values retain physical significance in this 
range in terms of a close relationship between K2 and plastic strain 
magnitudes near the leading edge of the crack. It is necessary, 
however, to recognize the region of K values corresponding to initial 
development of general yielding in order to establish a sensible limit 
for applicability of the rYS corrected K value calculation method. 
For a notched-bend test specimen, the equation for calculation 
of K can be written in the form 
K = crf Ia Y(a/w) (5) 
where the function Y(a/w) is available from numerical studies in the 
form of a power series truncated to the first 5 terms. (l 6) The power 
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series form of Y(a/w) applicable to our 3 in. x 12 in. specimen 
requires a moderate extrapolation of results given by reference (16). 
This adjustment was discussed and verified by experimental calibration 
in reference (4). of is given by 6M/w2 where M is the bending moment 
(per unit thickness) applied to the section containing the crack and 
W is the depth of the specimen. In other words of is the simple beam 
theory maximum stress ignoring the crack. If we apply the same 
analysis to the portion of this section not occupied by the crack, the 
maximum stress, oM, is given by 
( 6) 
If we assume a is 1.4 inches and oM is at the dynamic yield point, 
80 ksi, the value of K is 58 ksi /in. If we assume a is 1.4 inches 
and oM is 1.5 times 80 ksi, the value of K is 115 ksi /in. 
The second of these estimates corresponds to assuming the 
bending moment (per unit thickness) is given by the (perfectly) plastic 
behavior equation 
(7) 
or 
(8) 
where oYS = 80 ksi. Bearing in mind that constraint and work hardening 
would tend to elevate the resistance to plastic deformation, these 
estimates suggest that the limit for applicability of the rYS 
. . 
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corrected K method must lie in the upper part of the range from 58 
ksi /in to 115 ksi /in. 
An alternative method for estimating the above limit is to 
assume 
(9) 
This procedure is based upon comparisons to solutions for the problem 
of a central crack in a finite width plate. For this problem, assuming 
2a1 = W/2 and the equation 
K2 = a2 (n a) sec (n a/W) (10) 
one finds that the average stress on the net section is equal to crYS 
when 
2 r = ~ c!i) 
YS 3 4 
(11) 
In applying this result to the notched bend test, the net ligament, 
W/4 in Eq. (10), is replaced in Eq. (9) by distance from the crack tip 
to the neutral axis, (l/2(W- a 1). Equation (9) provides 108 ksi /in 
as an estimate of the K value calculation limit. When Eq. (11) is 
derived using values of 2a1 , less than W/2 , the coefficient of the 
net ligament in Eq. (11) is decreased and such models would lead to 
estimates of the calculation limit as small as 95 ksi /in. 
From the preceding discussion, dynamic K values obtained for 
c 
the A441 steel which are below 100 ksi /in can be used without serious 
problems of interpretation, while K values above 110 ksi /in are 
c 
probably too large for validity of the calculation method. For the 
RQ-100-B steel, the estimates of K value calculation limits should be 
increased in proportion to the increased size of the dynamic yield 
strength of RQ-100-B. 
Attention is given now to the topic, stable crack growth. 
The low amplitude fatigue method of forming the leading edge region 
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of the initial crack produces a high degree of crack surface 
smoothness and a crack front which is nearly straight across the 
specimen. As the load is applied, the growth of the leading edge 
plastic zone is accompanied by some slow-stable crack extension. The 
initial crack extension is slow-stable because it introduces increased 
roughening of the central region of the fracture and is accompanied 
by formation of shear lips at the side free surfaces of the specimen. 
These effects, adding to the resistance to crack extension, more than 
offset the increase of K due to increase of the crack size. 
Using a wedge loaded specimen, Heyer and McCabe( 14 •17) have 
measured the resistance to crack extension as a function of effective 
crack size for a number of high strength steel and aluminum alloy 
sheet materials. Their results indicate that the resistance K value, 
termed KR rises abruptly at first, then more gradually, and (with a 
large enough specimen) reaches a plateau (or constant) value. From 
their results, about 2 rYS of actual crack extension appears to 
correspond approximately to KR = 0.95 KM, where KM is the plateau 
value of KR. The basis for characterization of plane-stress crack 
toughness in terms of a graph showing KR as a function of effective 
crack size is that one can use this graph, along with other information 
pertaining to a given structural component, to make conservative 
estimates of the fracture instability load for a through-the-thickness 
-17 
crack of given size in a plate. This procedure determines a load value 
of interest for fracture control without need for determination of K 
c 
as an intermediate step. 
In concept the resistance or R-curve method is fundamental. 
However, there are limitations. The methods so far used for 
establishing KR graphs are restricted to relatively slow loading and 
have not been tried on rate-sensitive plate materials similar to those 
used in this investigation. In addition, the assumption (sometimes 
made) that the graph of KR versus effective crack size is independent 
of the K gradient, is questionable. A substantial amount of unpublished 
evidence exists indicating that the crack extension span of the rising 
portion of the KR graph tends to contract with increase of the K 
gradient. A portion of this evidence was presented in reference (18). 
On general grounds, the amount of slow-stable growth prior 
to fracture instability might be estimated as comparable in size to 
rys· (lg) However, the considerations basic to such an estimate do not 
take into account the enhanced degree of abruptness of the point of 
onset of rapid fracturing commonly observed in rate sensitive steels 
when rapid fracturing initiates with a flat tensile separation showing 
a substantial amount of quasi-cleavage. Thus the amount of slow stable 
extension neglected in our K calculations ranges from zero to, at most, 
c 
an amount comparable in size to rys· 
2 For low testing temperatures and values of (Kc/cry8) less than 
0.4 times the plate thickness, the estimate of rYS would be reduced by 
the plane-strain degree of constraint, negligible stable growth would 
be present, and our dynamic K test result should not differ 
c 
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significantly from results which would be considered generally acceptable 
as Klc values for one millisecond loading time. With increase of the 
o ratio ~c 
(12) 
one would a priori expect that a corresponding increase of specimen 
dimensions would be necessary in order for the K measurement point to 
c 
remain at some fixed near-unity ratio to the plateau value of KR. This 
line of reasoning would suggest that, since we use a specimen of fixed 
lateral dimensions, our K measurement are likely to fall below the 
c 
plateau value of KR by increasing amounts as ~c increases. Although 
this expectation is probably correct in an average sense, study of a 
recent report by A. A. Wells* indicates that the degree of lowering of 
Kc below KM may depend upon the ratio of plate thickness to initial 
crack depth and may be largest when the plate thickness equals the depth 
of the initial crack (one inch in our specimens). 
The influences of strain rate are mixed with the influences 
of crack growth and the R-curve. Sonic records as well as fracture 
markings show that flat tensile crack extension tends to occur in 
abrupt increments. At fine scale these increments are local to small 
segments of the leading edge of the crack. Rough estimates suggest 
that when these small run-arrest increments, averaged across the 
leading edge, correspond to a crack speed greater than 1ft/sec., they 
are the dominant factor in determination of the effective strain rate 
* A. A. Wells, 11 The Mechanics of the Fracture Transition 
in Yielding Materials~ Rpt., Queen's University, Belfast, 
September 1970. 
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even when the load is applied in a time of one millisecond. (20) A much 
smaller average crack speed would dominate in the case of a "static" 
loading time (50-200 seconds). 
In the initial portions of the crack extension process from a low-
amplitude fatigue starting crack, the arrest of a run-arrest segment is 
introduced by load transfer from the severed region to bordering regions 
which can absorb larger amounts of plastic strain prior to instability. 
Later, when the advance of the central flat-tensile region is general 
across the leading edge, arrest of rapid crack extension will depend upon 
additional load transfer to the side boundary regions, which will eventually 
sever by shear, forming the familiar shear lips. One can see that, as the 
testing temperature increases and the flat-tensile region becomes restricted 
and stabilized by the side boundary shear lip regions, the effective strain 
( 20) . b . 11 d d rate 1s su stant1a y re uce . Our understanding of fracture behaviors 
is greatly assisted by an understanding of the influences of initial 
"stable" crack extension. On the other hand, study of these influences 
indicate that direct application of the R-curve viewpoint to rate-
sensitive structural steels is complex and must take into account the 
fracture process induced modifications of effective strain rate. 
The complexity aspects noted above are not unfavorable to interest 
in the dynamic fracture tests on which this project centers attention. 
Although restricted to fixed lateral dimensions, our specimen is large 
enough to employ a crack size which is in the range of interest for 
service applications. Thus the K results obtained would be applicable 
c 
to cracks of comparable size in service components. The results may be 
conservative in such applications because of the short loading time and 
the low amplitude fatigue "sharpening" of the initial crack. 
1.5 Ideas Applicable to Estimate of Fracture Toughness Based 
Upon Thickness Reduction 
In the course of the project work, several trials were made 
of thickness reduction measurements near to the crack tip with the 
specimen held under static loading. This exploratory work indicated 
that, when we selected a standard separation of the measurement point 
co-planar with the initial crack and beyond the visual crack tip by 
one-eighth of the specimen thickness, the thickness reduction at that 
point remained proportional to K2 as loading progressed. A procedure 
for use of plastic strain measurements to indicate an equivalent K 
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value could be developed along these lines. However, our interest is 
primarily in dynamic tests and, for these, the plastic strain measure-
ments can be made only on the specimen halves after total fracture has 
occurred. 
The method of thickness reduction measurement which we have 
developed is based on the following reasoning. We try to use drop 
distances which are near the minimum necessary for fracture of the 
specimen. The loading system is relatively stiff and indications of 
temporary crack arrest on the fracture surface are not uncommon. For 
these reasons we assume that the K value driving the crack continually 
relaxes to nearly the critical KR necessary for crack motion. A rise 
of the driving K to a plateau value would be consistent both with the 
R-curve idea and with appearance aspects of fractured specimens. 
Measurements of thickness reduction along the fracture path from the 
crack tip (see Fig. 4) show that the plastic strain pattern tends 
to expand to a limiting size. These considerations suggest that 
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the magnitude of the thickness reduction some distance in advance of 
the crack tip may serve usefully as a measure of ~ (the plateau value 
of KR) during crack propagation. It is anticipated that the specimen 
size may limit the range of KM which can be estimated. However, a 
substantial extension of measuring capacity beyond the range of ry 
corrected K values can be expected. 
c 
At low testing temperatures, the dynamic K values are 
c 
essentially equivalent to rapid loading Kic results and would not differ 
appreciably from KM at those temperatures. The reduction of the dynamic 
Kc below KM should be large only under testing conditions close to 
general yielding. Thus comparisons of dynamic K values to thickness 
. c 
reduction measurements provide a means for trying out the validity of 
various schemes for using thickness reduction measurements to compute 
equivalent K values. 
c 
Several methods for relating KM to measurements of plastic 
thickness reduction were tried. It seemed desirable to employ a group 
of measurements (for averaging purposes) rather than a measurement 
at a single point. Furthermore a possibility for the method to be 
relatively independent of strain hardening seemed attainable. In 
addition consideration was given to the fact that final severing of 
the shear lips adds very locally to the thickness reduction in a 
way which may not be closely related to KM. 
Based upon the above ideas, our first trials employed the 
hypothesis that the thickness reduction would be equal to 6 when the 
normal distance of the measurement point from the flat-tensile portion 
of the fracture was one-half of rys· For improved measurement 
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accuracy an optical comparator was used on surfaces of a slab cut from 
the fractured specimen. Using test specimens of A441 steel, it was not 
possible to reconcile this hypothesis with measurement results for 1/2 
inch and 2 inch specimens although the idea seemed to apply in a direct 
manner to the one inch thick specimens. 
The next plan was to assume the thickness reduction would be 
equal to c when the normal distance, S, of the measurement point from 
the flat tensile portion of the fracture was given by 
s = ~ B f (r~s) (12) 
where 
f 
(rYS/B)l/3 
= 1/2 (13) 
r 
1 + 2( YS) B 
Equation (13) was selected because it provides a simple monotonic 
increase of S with rYS/B up to the point where rYS = B and 100 percent 
shear is anticipated. Since f reaches a maximum value of one-third at 
rYS = B, the idea was to employ Eq. (12) up to that point and to assume 
S = B/9 for larger values of rys' The self-consistent procedure 
followed in using this method is described in detail in a later section. 
Surfaces cut perpendicular to the direction of crack extension 
were measured at two distances from the leading edge of the initial 
crack, B/2 and 3B/4. Larger separations of these measurement points 
from the crack tip would be desirable. However, the compressed region 
on the impacted side of the specimen tends to expand after the start 
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of general yielding. Thus, to maintain a fixed proportionality of 
these measurement distances to the plate thickness, avoid the expanded 
region, and retain applicability to B = 2 inches, the selected positions 
ahead of the initial crack front could not be increased. The preference 
for placing the surfaces used for measurement of thickness contraction 
at larger separations from the crack tip is based on the possibility 
that KR may still be increasing after the crack has extended by the 
amount 3B/4. In this event the estimated KM values would be too small. 
Although the KM estimates from thickness contraction reported 
here appear to be satisfactory, it should be noted that the method is 
still under development. There was insufficient time to introduce 
refinements and attempt simplifications which might reduce the cost and 
time of the measurement procedure. In future work, it would be desirable 
to employ a limited number of double-size test specimens to add to the 
overlap region in which K is directly determined. In addition 
c 
estimates of K based upon plastic bend angle shouhl be employed both 
c 
as a check on the thickness reduction estimates and as an alternative, 
less expensive, procedure for crack toughness evaluation in the high 
toughness range. 
2. TESTING PROCEDURE FORK MEASUREMENT 
c 
All of the specimens tested were saw-cut 12 inches wide by 
3 inches deep with a chevron-notch machined at midspan in order to 
assist uniform crack growth. The fatigue cracking was done in a 
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10-ton vibrophore. The last 0.05 in. of fatigue crack growth was held 
-6 to a rate below 10 inches per cycle. This slow growth was preceded 
by a large band of fast crack growth which brought the crack to a 
significant depth in a reasonable span of time. Specimens that were 
to be measured for thickness reduction had their side surfaces wet 
ground. Figures 5, 6 and 7 show details of specimen size and preparation. 
The dynamic testing was done in the drop-weight tear-test machine 
as shown in Fig. 8. The specimen was placed in the three-point bend 
fixture and aligned so that the drop-weight hit directly over the fatigue 
crack. The weight was raised by a 2-ton overhead crane, and brought 
to a height that was sufficient to induce fracture upon impact with 
the specimen. The distance that the weight dropped was kept to a 
minimum so as to reduce the inertia effect due to rapid acceleration 
of the specimen. The drop-weight was increased from 200 to 400 lbs. 
and the shape of tne striking tup was changed from a rounded to a 
large angle V-shape. The increase of the drop-weight and change of 
tup shape, discussed earlier in this report, did not eliminate the 
need for spreading out the loading time to reduce inertia effects. 
However, the equipment changes allowed use of half-round cushioning 
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pads made of steel as shown in Fig. 9. Unstable deformation behaviors 
which had been encountered by Madison and Luft with aluminum alloy pads 
were, in this way, eliminated. Pads machined from 1/2 inch diameter 
water-hardening drill rod material were satisfactory under all test 
conditions which were used in this program. 
A Techtronix 549 storage oscilloscope was used to record load 
versus loading time. The load amplitude signal came from strain gages 
on the striking tup as shown in Fig. 10. 
With the weight raised to its proper height, it was released 
by means of an electromagnetic latch mechanism. A photocell was mounted 
on the drop-weight machine in such a manner that a shutter on the falling 
weight would cut off the light beam so as to trigger the delay timing 
mechanism of the oscilloscope. After a preset delay time the sweep of 
the oscilloscope would initiate and the load record would be stored 
on the oscilloscope screen. A Polaroid photograph was taken of the 
trace that had been stored on the oscilloscope screen. This was done 
after every drop. 
The test temperatures for our specimens were controlled from a 
low of approximately -90° F to a high of about 190° F. An electric 
ove~ was used to heat the specimens to the higher temperatures, and a 
freezer was used for the other extreme. When the freezer was not able 
to furnish cold enough temperatures, dry ice was used as the 
coolant. Specimens were usually left in their test-temperature 
atmosphere for approximately 6 hours or more before they were tested. 
This assured uniform temperature distribution in each specimen. Since 
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each dynamic test required only 10 seconds to complete, once the 
specimen was taken from its test-temperature atmosphere, no facilities 
were used to keep the specimen in its test-temperature atmosphere while 
seated on the dynamic test bed. Any temperature gradient was assumed 
negligible. The test-temperatures were recorded before each test. 
For purposes of K calculations, the crack size was assumed 
to be that indicated by the leading edge of the fatigue cracking. 
From the photograph of a test specimen's load record, the load and 
loading time were measured. Knowing the test-temperature and the 
loading time for each specimen their effects on the yield strength 
of each specimen were considered and a dynamic yield strength resulted. 
By means of the equation forK, noted in the introduction, a K ,value 
c 
was estimated. This K estimate permitted calculation of a corresponding 
c 
plasticity factor, ry. A new crack length, a = a
0 
+ ry, was then 
used to calculate a new estimate of K and this iterative process was 
c 
continued until the calculated changes of ry were less than 0.0001 inch. 
A computer program was written to perform the above calculations. The 
Kc value corresponding to the "balanced - ry" was output from the 
program. 0 . A plot of these K values versus temperature, F, 1s shown 
c 
at the end of this report for each respective plate thickness and 
material (Figs. 11, 12, 13, 14 and 15). 
. . 
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3. TESTING PROCEDURE FOR THICKNESS REDUCTION 
A number of the dynamically tested specimens were measured 
for thickness reduction. One-half of the fractured specimen was 
selected and a slice was taken from it as shown in Fig.l6. The saw-
cuts were made so that the slice represented the gage positions, B/2 
and 3B/4, away from the end of the fatigue crack. These slices were 
also wet ground to remove the rough edges resulting from sawing. 
The edges of the slice were also gently finished with a fine emery 
cloth to remove burrs resulting from the grinding. This resulted in 
true thickness contours at the gage positions. The slice was now 
ready for thickness reduction measurements. 
In order to help measure the thickness reduction to the 
precision that was required, a traveling microscope was employed which 
had a range of 0 to 2 in. and was able to measure to 0.0001 in. The 
traveling microscope provided travel in one direction and therefore 
permitted the measurement of the thickness reduction at one particular 
distance away from the fracture surface. Since measurements were 
required at several different distances away from the fracture surface, 
a shimming assemblage was designed and attached to the base of the 
traveling microscope. This setup permitted controlled positioning 
in a direction away from the fracture surface and perpendicular to the 
travel of the microscope. This shimming assemblage is shown in Fig. 17. 
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Before any measurements could be taken the microscope was 
first aligned as perfectly as possible with the shimming assemblage, 
meaning that the microscope traveled parallel to the edges of the 
assemblage and perpendicular to its sides. The slice was then placed 
on the sliding measuring platform and clamped in position. With the 
turn screw in its loosened position the sliding platform was manually 
pushed back and forth, while the edge of the slice was aligned with 
the y-direction crosshair of the microscope. This guaranteed that the 
slice was positioned parallel to the four sides of the shimming setup. 
The turn screw was tightened with no shims. The microscope 
was then moved until its x-direction crosshair was aligned parallel 
to a "weighted" fracture surface or zero position. The word, 
"weighted", is used because the unevenness of the actual fracture 
surface required judgment in the selection of an average position. 
This movement of the microscope does not hamper the other fixed 
alignments. These steps in the alignment of the microscope and slice 
are illustrated in Fig. 18. 
The first estimate of ry from thickness reduction pertained 
to a depth of B/9 from the fracture surface. Being unable to measure 
exactly at this distance away from the fracture surface, measurements 
of thickness were made at a distance slightly larger than the value of 
B/9. Assuming the measured thickness reduction equal to 6, the 
corresponding plastic zone size, ry, was calculated and the ratio of 
ry/B was evaluated. A new measuring position away from the fracture 
surface was now calculated having the ratio, ry/B. At this new 
position the thickness was again measured; a thickness reduction was 
found, ry was evaluated; and ry/B was again calculated. Using this 
newly calculated value of ry/B another measuring position was found. 
This process was continued until there was a convergence of the 
original and calculated positions in a particular step. When this 
occurred the "6" value pertaining to this "equilibrium" position was 
used to find the K value. An example of the measuring procedure 
c 
is shown in Fig. 19. 
-29 
The measuring procedure is made easier once the locations of 
the fracture surface and of the B/9 measuring position are known. 
These two positions are the maximum and minimum distances at which 
thickness reduction measurements will be required. Since the 
equilibrium position will have to lie somewhere between them, a 
group of thickness reduction measurements are first made covering this 
entire range. This is done using the 0.005 in. thick shim, and this 
is shown in the top half of the example in Fig. 19. This allows the 
converging process to be handled quite easily and this is shown in 
the bottom half of the same figure. 
Now that the measuring procedure has been described a few 
additional words are needed about the previously described slicing 
procedure. In this procedure it was explained how a slice was removed 
from one-half of the fracture specimen. Care should be taken in 
selecting the proper half to use for the slice. That half of the 
specimen should be used which retained (hopefully) both shear lips 
upon fracture. The typical slice in Fig.l6 is an example of such a 
selection. This type of slice permits the measurement of the thickness 
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below the fracture surface because of the physical presence of the shear 
lips. If the shear lips are shared between both halves, personal 
judgment should be used in selecting which half of the specimen to 
slice. If this situation is so pronounced that thickness measurements 
are not possible across the slice because of the absence of material 
at one edge of the slice, a different measuring procedure is required. 
This missing material corresponds to the shear lip existing on the 
other half of the fracture specimen. For this situation the measuring 
procedure is exactly the same except that the slice is shimmed so that 
measurements can be made at equal distances above and below the 
fracture surface or zero position. In other words thickness measure-
ments are taken above and below the fracture surface at equal 
distances, and the measurements are made from the centerline of the 
slice out to the edge of the slice where the shear lip exists. The 
total thickness for a particular distance away from the fracture surface 
is, therefore, taken to be the sum of the two half thickness measurements 
made above and below the fracture surface at the same distance. The 
centerline of the slice must be physically scribed onto the slice for 
this method. The remaining measurement steps are the same. KM values 
from thickness reduction measurements are shown in Figs. 11 through 
15. 
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4. RESULTS 
The results of our tests are shown in the tables and graphs 
at the end of this report. Our first objective was to see if our results 
for K agreed with those of Madison for A441 steel from the dynamic 
c 
fracture tests. We wanted some assurance that our results from the 
drop-weight machine were reasonable and the graphs of our corresponding 
data show that our K values were comparable for similar test 
c 
conditions. A best fit curve was drawn through all of these points. 
Being confident that our K testing apparatus was working 
c 
properly and was resulting in reasonable results, dynamic fracture 
tests were done on the new material, RQ-100-B structural steel. These 
results are also plotted and shown in graphs at the end of this report. 
In all our results for both structural steels we witnessed 
the tendency of our K values to have a large band of scatter where 
c 
ry > 1/4 inch and where general yielding started to occur. The region 
of general yielding is represented in these graphs by a dashed line. 
It is in this region that our system of ry corrected K evaluation 
c 
becomes valid. 
emphasis. 
The region of general yielding received most of our testing 
Because of the inability to measure a valid K value in 
c 
this region using linear elastic fracture mechanics, we attempted to 
estimate a KM value by using some physical characteristics of the 
specimen after fracture. With this idea in mind we concentrated on 
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the thickness reduction in the specimen in the region ahead of the 
crack, and we made this thickness contraction equal to 6, the crack 
opening stretcp. Using the method of measurement previously described, 
"equilibrium" distances away from the fracture surfaces were found at 
gage distances B/2 and 3B/4 away from the end of the fatigue crack. 
The thickness reduction corresponding to these equilibrium positions 
were equated to 6, and two corresponding ~ values were evaluated for 
each slice. These two values were averaged and they were plotted 
versus temperature, just as was done for the K values evaluated from 
c 
the dynamic fracture tests. These results are also shown at the 
end of this report. 
In Figs. 11 through 15, the Madison-Luft measurement points 
from tests with no cushion were eliminated. The combined data then 
showed a reduced scatter and best fit Kc curves were drawn. The KM test 
results are shown for comparison on the same figures. In the case of 
A441 steel, comparisons to V-notch Charpy tests can be made by reference 
to Fig. 20. 
The graphs resulting from our thickness reduction computations 
tend to give us a more acceptable and realistic depiction of the 
variation of fracture toughness with temperature. This method gives a 
sharper increase in the fracture· toughness than does the K approach, 
. c 
and this is expected in the region of general yielding where ry > 1/4 
inch and deformation becomes very pronounced. 
A shelf or leveling-off value of K was also investigated 
c 
using the thickness-reduction technique for A441 2 inch plate, but 
the values of K continued to increase appreciably beyond the region 
c 
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of initial general yielding. In the case of energy loss measurements 
with V-notch Charpy values, a "shelf" appearance would be expected, 
beyond the temperature at which general plastic bending develops, when 
the loss of resistance to plastic bending (with increase of temperature) 
begins to balance the continued increase of fracture toughness. A 
temperature region in which increase of temperature causes no increase 
of K may possibly exist at temperatures well above those for the 
c 
start of the V-notch Charpy "shelf", in any case higher than those 
employed in this investigation. 
When the drop height was too small for complete fracture of a 
specimen
1
crack arrest was observed and the development of a plastic bend 
angle from plastic "hinging" of the net ligament deformation was quite 
evident. A limited number of measurements of KM based upon the plastic 
bend angle for arrested cracks were made. The calculation and 
measurement plan is shown in Fig. 21. The term proportional to A in the 
equation for 6 shown on Fig. 21 is of doubtful applicability. However, 
results for A = 0 and A = 1 provide a gross estimate of the uncertainty 
range of the results. Results of this method using a 2 inch plate 
thickness of A514 steel are shown in Fig. 22. 
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5. SUMMARY AND CONCLUSIONS 
Using 3 inch deep by 12 inch long single-edge-notched specimens 
in bending, dynamic K values can be determined from the maximum load 
c 
measurement without serious inaccuracy until the value of (K /cry ) 2 
c s 
becomes larger than 1.6 inches. Although larger specimens would be 
desirable for some purposes, the size of the starting crack of the 
specimen, one inch, is clearly large enough to represent a crack of 
significant size in a service component. Thus the specimen size 
employed in this project is large enough for a wide range of practical 
applications. 
The thickness contraction which occurs when K is below the 
c 
above noted measurement limit is quite small and decreases with decrease 
of testing temperature. Thus only a limited size overlap region could 
be used for calibration of the thickness reduction method for estimating 
dynamic fracture toughness in terms of~ values. 
The method for determining dynamic KM values from thickness 
reduction is semi-empirical and deserves additional study and 
verification. However, the results so far available from this method 
are consistent with the influences of testing temperature upon fracture 
toughness generally expected. From the nature of the measurement, 
successful completion of an acceptable procedure for estimation of 
dynamic fracture toughness based upon measurements of thickness 
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reduction is primarily a matter of broadening the calibration range and 
adding to the illustrative trials. 
Preliminary trials of evaluations of dynamic fracture toughness 
based upon crack arrest and plastic bend angle indicate that the latter 
procedure can be used both as an alternative toughness estimation 
method and as a check on values of dynamic KM from thickness reduction 
in the high toughness range. 
Granting completion of development of the "after general yield" 
testing methods, the coupling of dynamic toughness evaluations obtained 
from maximum load based calculations of K , from thickness reduction 
c 
measurements, and from plastic bend angles for arrested cracks 
provides an expedient plan for assigning fracture toughness values to 
structural steel plate materials across a wide range of testing 
temperatures. The Kc and KM values thus established will be useful 
in structural applications for the purpose of estimating critical 
conditions for onset of rapid fracturing in terms of loads and crack 
sizes. 
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Table 1 Material Properties of Plates 
Mechanical Properties 
Plate Yield Tensile 
Thickness(in) Strength(ps i) Strength(psi) % Elongation 
A441 1/2 56,650 83,050 27.2 in 4" 
1 55,900 82,300 
2 55,000 87 '000 29.0 in 2" 
RQ-lOOB 1/2 86,575 111,452 23.5 in 2" 
1 84' 07 5 101,090 24.5 in 2" 
2 81,105 97,125 26.0 in 2" 
Chemical Properties* 
c Mn p s Si Cu Cr Ni Mo v 
A441 .20 1.08 .017 .025 .21 .23 .03 .02 .002 .051 
RQ-lOOB .16 .69 .011 .025 .26 • 04 1.37 .59 
*The chemical properties presented are representative of the 1/2" 
plate. Those for the 1" and 2" plates may differ moderately. 
B 
.003 
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Table 2 Dynamic K* Results 
c 
A441. ~ 1L2 in. 2 Dynamic Loading 
K 
c 
Maximum Thickness Reduction Spec. Max. 
No. Load B Temp. crYS Load at B/2 at 3B/4 
--
(kips) (in.) Ln._ (ksi) (ksi /in) (ksi/in) (ksi/in) 
A023 26.25 0.492 83.0 74.9 > 145 
A024 27.50 0.492 83.0 73.2 > 145 
A025 12.00 0.493 8.0 84.6 61.3 
A026 14.50 0.486 8.0 84.0 79.6 
A029 18.00 0.483 32.0 78.7 124.6 187.7 163.5 
A030 22.00 0.476 32.0 78.7 > 145 
A031 18.50 0.482 14.0 81.0 126.1 120.9 125.9 
A032 17.50 0.476 14.0 81.0 112.8 122.1 129.9 
*When the maximum load was too high for convergence of the ry 
method for calculation of K , the K from maximum load was 
listed in the table as greaEer thanca fixed value. The fixed 
value used was an approximate estimate of the highest Kc for 
which a convergent calculation would have been obtained. This 
estimate was established for typical crack depths and decreased 
with increase of specimen thickness because the typical crack 
depth increased with specimen thickness. 
Avg. 
(ksi/in) 
150.6 
123.4 
126.0 
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Table 2 Dynamic K Results (continued) 
c 
A441, B = 1 in., Dynamic Loading 
K 
c 
Maximum Thickness Reduction 
Spec. Max. Load at B/2 at3B/4 Avg. No. Load B Temp. 0 YS 
(kips) ~ .Ln_ (ksi) (ksi/in) (ksi/in) (ksi/in) (ksi/in) 
All4 30.00 0.935 154.0 69.8 > 125 435.9 450.8 443.4 
7 
A119 33.00 0.964 81.0 73.6 > 125 
Al20 24.50 o. 970 81.0 73.5 > 125 
Al21 20.00 o. 971 32.0 78.2 73.9 78.1 84.5 81.3 
Al22 20.00 0.970 32.0 78.3 75.4 
Al24 11.25 0.977 -80.5 92.1 39.4 
Al25 15.00 0.976 7.7 79.3 51.0 
Al26 13.25 0.974 -35.5 91.7 45.2 
Al27 12.50 0.936 -44.5 86.7 43.3 
Al28 15.75 0.971 7.7 79.0 55.1 
Al29 15.38 0.955 7.7 79.1 55.1 
Al31 9.50 0.967 -62.5 91.5 32.4 
A134 24.00 0.971 72.0 73.5 111.3 
Al35 21.00 0.977 72.0 73.0 83.8 
Al39 25.50 0.967 72.0 71.9 > 125 
Al40 25.50 0.961 72.0 71.9 > 125 
Al42 19.00 0.950 36.5 76.0 71.0 
Al43 30.00 0.968 72 .o 72.5 > 125 
Al44 26.50 0.978 72.0 72.7 > 125 
Al45 23.00 0.957 72.0 73.5 104.7 218.5 246.4 232.5 
Al46 22.50 0.948 72.0 74.1 105.4 
Al47 20.00 0.982 72.0 77.8 73.8 
Al49 26.00 0.985 72.0 72.4 > 125 
AlSO 16.50 0.964 72.0 75.8 71.0 
Al53 18.50 0.960 72.0 77.8 67.8 
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Table 2 Dynamic K Results (continued) 
c 
A441 , B = 2 in. , D;tnamic Loading 
K 
c 
Maximum Thickness Reduction 
Spec. Max. Load No. Load B Temp. 0 YS at B/2 at 3B/4 Avg. 
(kips) ~ (OF) (ksi) (ksi/in) (ksi/in) (ksi/in) (ksi/in) 
-. 
A223 36.50 1.956 83.0 73.2 102.7 
A224 36.50 1.956 83.0 73.2 102.8 
A225 21.00 1.955 - 5.8 83.2 48.1 
A226 21.00 1.955 - 5.8 83.2 48.3 
A229 55.00 1.958 188.0 67.5 > 119 267.3 267.3 
A230 52.50 1.942 160.0 69.9 > 119 237.0 237.0 
A231 36.90 1.946 77.0 73.8 > 119 110.6 110.6 
A232 36.25 1. 939 77.0 73.8 > 119 83.9 83.9 
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Table 2 Dynamic K Results (continued) 
c 
RQ-100B, B = 1/2 in., Dynamic Loading 
K 
c 
Thickness Reduction 
Maximum 
Spec. Max. B Temp. crys Load No. Load at B/2 at 3B/4 Avg. 
--
~kiEs2 (in. 2 .LxL ~ksi) (ksi./in) ~ksiJin) (ksi/in) ~ksiJin) 
~ 
B04 41.25 0.533 12.0 108.8 >211 335.6 366.7 351.2 
B06 38.75 0.525 - 12.0 109.0 >211 362.0 382.6 372.6 
B07 38.75 0.525 - 12.0 109.1 >211 
BOll 15.00 0.522 - 92.0 122.8 76.7 56.9 53.3 55.1 
B012 15.50 0.525 - 92.0 123.1 79.3 53.3 53.3 53.3 
B013 29.40 0.510 - 53.0 115.8 >211 220.5 238.7 229.6 
B014 27.50 0.510 - 53.0 115.8 >211 155.5 157.2 156.4 
B016 32.50 0.515 
-
16.0 111.1 >211 293.3 330.5 321.9 
RQ-100B, B = 1 in., Dynamic Loading 
Bll 32.50 0.939 - 90.0 126.5 94.1 
Bl2 27.50 0.962 - 90.0 124.4 75.8 54.6 72.3 63.5 
Bl5 55.00 0.940 - 12.0 110.8 > 206 347.8 437.5 392.7 
Bll 31.25 0.959 - 92.0 121.5 90.9 131.4 129.1 130.3 
Bl8 43.75 0.935 - 53.0 115.0 149.7 189.4 244.2 216.8 
BllO 67.50 0.958 16.0 109.3 > 206 403.3 423.1 413.2 
Blll 52.50 0.936 - 53.0 113.7 > 206 306.2 322.9 314.6 
RQ-100B, B = 2 in., Dynamic Loading 
B23 57.50 2.022 - 90.0 125.0 89.1 
B25 80.00 198.4 - 53.0 113.3 145.9 
y 
A 
I 
Fig. 1 Leading Edge of a Crack 
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SAMPLE K CALCULATION FROM THICKNESS-REDUCTION MEASUREMENTS 
c 
0 A441 Steel - 1 inch thickness, 36.5 F 
1 
2 
s 
0.110 
0.105 
0.100 
0.095 
s 
n 
0.1056 
0.0991 
0.0991 
0.0983 
0.0985 
· ·o.0984 · 
B S
0 
= 9 = 0.1056 in. 
E 6 
r = 62.82 6 
Y 2n cry 
xl 
1.0144 
1.0146 
1.0147 
1.0149 
6 
0.00255 
0.00349 
0.00318 
0.00327 
0.00325 
X 
1. 9624 
1. 9622 
1. 9618 
1. 9615 
ry 
0.1602 
0.2192 
0.2004 
0.2054 
0.2042 
B' 
0.9480 
0.9476 
0.9471 
0.9466 
ry/B 
0.1690 
0.231 
0.211 
0.216 
0.215 
B = 0.9502 in. 
6 
0.0022 
0.0026 
0.0031 
0.0036 
f 
0.3034 
0.3129 
0.3103 
0.3110 
0.3108 
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KM = crYS 12Tiry = 86.0 ksi /in 
K = 71.0 ksi Jin 
c (calculated from maximum load) 
Note: 
Fig. 19 
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Fig. 20 V-Notch Charpy results for plates of A441 steel of three thicknesses as 
indicated. The 1 inch plate results were furnished during the project 
by M. S. Healey. (Homer Labr.). The 0. 5 inch and 2 inch plate results 
are copies from Fritz Labr. Rpt. 335.2 (R. B. Madison). 
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Fig. 21 Typical Partially Fractured Test Specimen 
Used in Bend Angle Procedure 
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